8 included to estimate irrigation necessities for outdoor use. Final results came from 2500 Monte Carlo household simulations 1 for each utility.
Water-Related Energy Model
Our energy model only accounted for energy used by the household water heater because this is the main household water-related energy use. Energy used by the utility to procure water for the household can be estimated separately. So the first step was to obtain the hot water draws for water end-uses.
A few studies have analyzed household hot water-use patterns. We used a probability distribution of hot water draws from data by Mayer et al. (2003) on East Bay Municipal Utility District (details provided in Supporting Information).
With these hot water end-uses, water heater energy use was estimated using the WHAM equation (Lutz et al., 1998) defined as the summed energy content of hot water drawn from the heater plus energy expended to recover from standby losses.
Being:
Q in = total water heater energy consumption (Btu/day) η re = recovery efficiency P on = rated input power (Btu/hr) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Finally we obtained the water-related energy consumption for each of 2500 Monte Carlo simulated households for each of the 10 water utilities. We used the WHAM equation over the hot water volume computed from the water end-uses with probabilistic hot water percentages for each appliance. We also randomly sampled all parameters for each household water heater from their probability distributions.
Carbon emissions
From energy consumption CO 2 emissions were calculated, accounting for the type of the energy used -electric or gas-fired water heaters-and the energy utility that provided it. 
Water and Water-Related Energy Costs
The water bill for each house was calculated using the water rate structure for each utility for
2006, the year of the California Single-Family Water Use Efficiency Study (DeOreo et al., 2011 ).
Regarding energy rates, we used an overall energy price for each utility. Electricity prices range from $0.105/kWh in LADPW to $0.166/kWh in San Diego Gas & Electric. The natural gas price is $11.79 per thousand cubic feet ($0.0115 per thousand Btu) from the Energy Almanac of the California Energy Commission.
More details of water and energy rate structures are provided in the Supporting Information.
Scenarios
Several simulations were run to analyze the effects of different scenarios -technological improvements, behavioral modifications, and an overall water-use reduction-on water and energy use, GHG emissions and water and water-related energy costs. Technological-based Technology improvements -retrofit toilet, retrofit shower, retrofit dishwasher, retrofit washing machine, substitution of natural turf for artificial turf or xeriscape, and installation of smart irrigation controllers-were simulated by changing technological parameter values from the initial probability distributions with a new probability distribution assuming that all appliances are retrofitted.
To simulate behavioral modifications -reductions in toilet flushes, shower length, shower frequency, bath frequency, leaks detection and fixing and stress irrigation-we assumed 10%
reduction for each behavioral parameter to analyze which behavioral parameters have more impact on water and water-related energy use for each city.
On the energy side, we simulated the installation of a new water heater -using two types of electric and two types of natural gas commercial water heaters, one in the intermediate and other
in the high range of efficiency 2 values for each energy source-and a behavioral action to decrease the water heater setpoint temperature to 120ºF for households that have a setpoint temperature above this value.
Finally, we simulated an overall water-use decrease of 10% for each household in order to analyze the differences among locations based on the heterogeneity of residential water and energy linkages that the model captures.
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Water End-Use Model
The goodness of fit of the end-use model was formally tested using the Kolmogorov-Smirnov two-sample test (Smirnov, 1948) failing to reject in all the cases the null hypothesis that modeled and metered data have the same underlying distribution. Figure 2 shows an example comparison of the cumulative histograms for the results obtained with the water end-uses models and the real data metered in the city of Davis, with a p-value for the K-S two-sample test of 0.28. 
Water-Related Energy Model
For water-related energy we compared the results of our model with a sample of 1088 single- Even though the comparison of the descriptive statistics (Table 2) shows that the results differ 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 Outdoor use is the largest water-use amounting to $44.3/month (56% of water costs and 47% of total cost). Shower (8.2% of water costs and 13.1% of total costs) and faucet (8.5% of water costs and 13% of total costs) uses are second and third in cost because of high shares of hot water-use. Toilet, leaks/other, and clothes washer are less important although they use a similar amount of water than shower and faucet. Finally bath and dishwasher end-uses are only minor shares of the total uses, emissions and costs.
Notice that water and water-related energy costs are similar in energy-intensive end-uses such as faucet, shower, bath or dishwasher .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 22 action, whereas other cities could. Big differences on economic incentives depend on water and energy rates, ranging from Las Virgenes (low water rates and high consumption) to San
Francisco (high water rates).  Targeting: A small proportion of households accounts for a disproportionate share of water and waterrelated energy use. A water utility that focuses attention on these high users -in the higher quartile of water and energy consumption-and using advanced metered technology available, can increase returns from conservation strategies considerably.
Taking the results from the 10% overall water reduction simulation for median users and the higher quartile of users, obtaining that in average water savings increase twice, energy and CO 2 savings increase 2.4 times, and economic benefits for customers increase 2.3 times (Figure 9 ).
High-use customers should be more receptive to conservation measures because of their increased economic benefits, increasing the likelihood of conservation campaign success. The   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 23 overall water-use reduction impact for a utility will be significantly larger than the same campaign with normal-use customers.  Efficiency over the planning scales:
The efficiency of a conservation action depends on the planning objective. For example: the state of California could try to reduce the total amount of GHG emissions by retrofitting water heaters, installing new electric water heaters that have high efficiency with a CO 2 reduction of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 24 CO 2 /year per household (Figure 10 ). But if customers seek only to reduce their costs, electric water heaters will only be meaningful in Los Angeles (because of cheaper electric rates), whereas in every other location, lower natural gas rates will always overcome electric water heaters' energy costs.
Figure 10: Comparison of CO2 and economic savings between gas-fired and electric water heater retrofitting per utility.
DISCUSSION
The water end-use model fits metered data well because the probability distributions were drawn from metered households, whereas we lack metered data to test the water-related energy end-use model, although the model results are close to the RECS results. Our results also are consistent with previous studies: water-related energy used was slightly higher than results of Abdallah and Rosenberg (2014) , probably because we are including losses with the WHAM formulation, and slightly lower than those from Kenway et al. (2013) because we are not including energy used directly by appliances (although their results for total gas use, hot water + losses, are slightly lower than ours). Regression analysis results from households show that hot water-use and water heater characteristics are the main drivers of energy consumption, but outside and inlet temperatures also are important in energy consumption: even though the average indoor water-use in southern California households is larger, northern households use slightly more water-related energy due to lower winter temperatures.
Interestingly although electric water heaters are more efficient heating water than gas-fired heaters, the overall performance comparison depends on the main energy source of electricity generation. Electricity generation using natural gas in a combined plant could have a loss of two thirds of the main energy source including efficiency in generation and distribution losses when the electricity is used in a house. But most electric utilities have a diversified portfolio to generate electricity, so this variability in electric generation has to be considered in overall performance. We included this point using different emission factors for natural gas and electric water heaters, but as most water heaters in California are gas-fired, the effect on final results is tiny. This should not have to be the case in other regions with a higher share of electric water heaters, where the main driver of the GHG emission factors will be the energy source of the electric utility.
From the simulation runs we obtain that total water, water-related energy and greenhouse gas emissions savings for each utility depends on conditions of consumption given by technological, behavioral and external factors, whereas household economic benefits from savings rely on the   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 26 water and energy rates of each utility. Water end-uses with a higher share of hot water receive more economic benefit by saving water because of the reduced energy cost. On the other side, technology or behavior improvements that only affect the energy side, i.e. retrofit water heaters or modify the setpoint temperature, lead to economic benefit only by energy savings.
Including energy and CO 2 emissions and their costs in the conceptualization of water-use can improve people's knowledge about their actual expenses and environmental footprint, helping to incentivize potential conservation strategies. Moreover, throughout the analysis of spatial variability, we show that water and energy rates, energy sources available for customers and different energy portfolios of power companies can cause high variability in energy, cost and emission results with customers' water-use held constant. Customers' behavior, in reacting to bills and local, regional and national policies, can change outcomes depending on local conditions such as water and energy rates or temperature.
CONCLUSIONS
A framework is developed to model heterogeneous and geographically variable residential water end-uses, water-related energy consumption and greenhouse emissions while accounting for water and water-related costs to customers.
Using the method, we assessed water and water-related energy and GHG emissions and costs.
Outdoor water-use accounts for more than 50 percent of water-use in California but most waterrelated energy and GHG emissions are from shower and faucet end-uses (roughly 80% of the total). Water-related energy cost represents a third of water cost in northern cities whereas in much less representative in the south. This is partially due to large water consumption and higher water prices in southern California, but also because outside and inlet temperatures play an important role in reducing energy consumption. Heterogeneity among households in water and water-related energy and GHG emissions is significant. So selective options targeting high-use households and effective conservation policies -outdoor uses for water, and faucet and shower end-uses for energy consumption and CO 2 reductions-have high potential for cost-effective water, energy and CO 2 emission savings.
Residential water-related carbon footprint depends both on household water heater performance and on the electric generation portfolio of the regional utility. Water-related CO 2 emissions average about 730 kg/year per household, representing 2% of per capita greenhouse gas emissions in California. This result does not include other embedded energy in water supply, conveyance, treatment, pumping or wastewater collection and treatment. Therefore, total energy and GHG emissions related with residential water-use would be larger, a study being conducted as an extension of this research.
Assessments of residential water-related energy conservation also can vary for different planning scales. From a state perspective, managing water and water-related energy jointly can reduce greenhouse gas emissions significantly in California. For water and energy utilities, joint water and energy conservation programs could reduce the net cost of some strategies as retrofit campaigns or managing energy peaks and reducing carbon footprint. This is a motivation to give users incentives to save water, energy and per capita carbon footprint and to reduce their water and energy bills simultaneously. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 
